Introduction BIK (BCL-2 interacting killer), was the first member of the BH3-only pro-apoptotic proteins (Boyd et al., 1995) . In addition to BCL-2, it was also shown to strongly interact with other anti-apoptotic proteins, adenovirus E1B-19K, BCL-xL and EBV-BHRF1 and to exhibit a potent cell death activity when expressed autonomously. The cell death activity was suppressed by coexpression of BCL-2, BCL-xL, E1B-19K and EBV-BHRF1, suggesting that BIK might be a common target for cellular and viral anti-apoptosis proteins. Although other BH3-only proteins such as BNIP1, BNIP3 (Boyd et al., 1994) and BAD (Yang et al., 1995) were identified earlier as proteins that interacted with viral and cellular anti-apoptotic proteins in two hybrid screenings, BIK was the first protein in which the cell death activity was linked to the conserved BCL-2 homology domain 3 (BH3) (Boyd et al., 1995; Chittenden et al., 1995) and thus considered as the founding member of BH3-only family proteins. BIK was shown to share two domains, the BH3 domain and the trans-membrane domain with other BCL-2 family proteins and specific mutations within the BH3 domain strongly reduced the proapoptotic activity (Boyd et al., 1995; Chittenden et al., 1995) . BIK was also subsequently identified as an E1B-19K-interacting protein, where it was designated as NBK (Han et al., 1996) . An ortholog of BIK referred as BLK (BIK-Like Killer) was identified from the mouse EST data bank (Hegde et al., 1998) . Although BIK is highly conserved among primates, in other mammalian species the amino acid sequences outside the BH3 domain exhibit some sequence variations. However, based on secondary structure predictions all mammalian BIK proteins appear to be structurally similar. The gene for human BIK is encoded in chromosome 22q13.3 (Verma et al., 2000) . The human BIK protein is a phosphoprotein (Verma et al., 2001) . BIK is predominantly localized in the ER and appears to mediate apoptosis signaling to the mitochondria . The mechanisms by which BIK induces cell death and its role in normal cells and in cells undergoing pathological stress including cancer are reviewed here.
BIK protein
BIK is a 160 aa protein and contains a trans-membrane domain (TM), in addition to the BH3 domain ( Figure 1 ). Predictions based on primate genome sequence analyses have suggested a larger isoform of 202 residues (XB_525617). However, the existence of such an isoform remains to be demonstrated. Secondary structure prediction suggested that BIK might form six a helices with exposed BH3 domain (McDonnell et al., 1999) . Predictions based on the analysis of mean hydrophobicity and mean net charge suggested that BIK may have a welldefined structure although most other BH3-only members (except BID) appear to be unstructured (Hinds et al., 2007) . Phylogenetic analysis of BCL-2 family proteins suggested that BIK may be more closely related to BAK (Aouacheria et al., 2005) . Mutational analyses indicated that the core BH3 domain was crucial for the apoptotic activity (Boyd et al., 1995; Chittenden et al., 1995; Elangovan and Chinnadurai, 1997; Mathai et al., 2002) . The TM domain was dispensable for the apoptotic activity at least under conditions of transient overexpression (Elangovan and Chinnadurai, 1997) . In addition to the BH3 domain, a C-terminal domain adjacent to the TM was also important for maximal cell death activity in transient assays. The C-terminal motif resembles the substrate recognition motif present in several caspases (Elangovan and Chinnadurai, 1997) and a sequence element in bacterial hemolysins. This domain is conserved only in human and murine BIK proteins and its functional significance is not clear. hBIK was shown to be phosphorylated on Thr(33) and Ser(35) by a casein kinase II-like kinase and mutations that prevented phosphorylation reduced the cell death activity and interaction with anti-apoptosis proteins (Verma et al., 2001) . Mutations that mimicked phosphorylation (Thr, Ser-Asp) enhanced the cell death activity of BIK and interaction with BCL-xL and BCL-2 (Li et al., 2003) . hBIK was reported to be localized predominantly in the ER . However, mitochondrial localization of hBIK (Han et al., 1996) and mBIK (Hegde et al., 1998) A recent report identified a serine protease of the Rhomboid family, RHBDD1 that released BIK by cleaving the C-terminal TM domain from the membrane at a GG (aa 153-154) motif (Wang et al., 2008) . Although RHBDD1 was shown to localize predominantly in the mitochondria, it was suggested that it might be translocated to the ER to cleave ER-associated BIK. In cells treated with the proteasome inhibitor Bortizomib (Velcade) which was reported to increase the level of BIK (Nikrad et al., 2005; Zhu et al., 2005b; Yeung et al., 2006; Li et al., 2008) . BIK appeared as a doublet (Hur et al., 2006; Wang et al., 2008) , suggesting that the lower MW band was destined for proteasomal degradation. Depletion of RHBDD1 by the use of siRNA increased the level of full length BIK and apoptosis. These results suggested that RHBDD1-targeted BIK for proteasomal degradation by liberating BIK through regulated transmembrane proteolysis (Brown et al., 2000) . Therapeutic intervention with proteasome-mediated downregulation of BIK was suggested as one of the modes of action of proteasome inhibitors that are currently in clinical trials to treat a variety of human cancers.
Regulation of BIK expression
Northern blot analysis showed a restricted pattern of expression of Bik in human tissues (Daniel et al., 1999) . Higher levels of expression were seen in the kidneys and pancreas compared with other organs. Although Bik expression was not detectable in normal colon and lymphoid tissues, certain cell lines derived from these tumor tissues contained higher levels of Bik mRNA. In mouse, higher levels of Bik expression was observed in the hematopoietic compartment and in organs such as the kidney, liver, lung and heart. In general, Bik expression was increased in epithelial cells in both human and mouse. The sequence variations between the human and mouse Bik promoter regions may contribute to some of the differential patterns of expression.
In addition to post-translational control of BIK protein expression at the level of protein stability, the expression of the Bik gene was shown to be regulated at the level of transcription under different contexts. Such a regulated expression appears to be consistent with the prediction that BIK might be constitutively active as a result of the exposed BH3 domain (McDonnell et al., 1999) . The human Bik gene was reported to be a transcriptional target for p53 in human KB cells, the p53-dependency was not examined . However, both agents were reported to enhance the levels of Bik mRNA in a p53-dependent fashion in MCF7 breast cancer cells by employing siRNA-mediated depletion of p53 by another group (Hur et al., 2006) . Although the hBik promoter (Verma et al., 2000) contains degenerate p53 binding sites, in promoter assays no p53 response was detected Hur et al., 2006) . It is possible that the degenerate p53-binding sites might be functional under conditions of p53 overexpression. Other studies have reported the activation of Bik expression by genotoxic stress in cells that lacked functional p53. A rapid, albeit modest activation of Bik was observed in a p53-deficicent human lymphoma cell line treated with the DNA topoisomerase inhibitor, camptothecin (Paquet et al., 2004 ). An increase in Bik expression also occurred in a p53-null human colon cell line (HCT116 p53
) treated with chemotherapeutic drugs adriamycin and cisplatin (Real et al., 2006) . Thus, it appears that human Bik is activated by genotoxic stimuli through p53-dependent and -independent mechanisms. In murine cells no Bik activation was observed as a result of genotoxic stress or by p53 overexpression (Coultas et al., 2004) .
A gene profiling study of an estrogen-dependent breast cancer cell line revealed specific upregulation of Bik expression during apoptosis caused by estrogen starvation or exposure to antiestrogens, such as fulvestrant (Hur et al., 2004) . Suppression of BIK expression by siRNA-mediated depletion diminished fulvestrant-induced apoptosis linking BIK to antiestrogeninduced apoptosis. The antiestrogen-induced upregulation of Bik mRNA was linked to p53 as siRNAmediated p53 knockdown as well as p53-dominant negative mutant abolished Bik mRNA accumulation (Hur et al., 2006) . Surprisingly, this activity of p53 appeared to be unrelated to its DNA-binding activity as fulvestrant treatment did not enhance the DNA-binding activity of p53 in a gelshift assay with oligonucleotide probes containing p53-binding sites. A 2 kb Bik promoter region was also not responsive in the promoter assay. The mode of p53-mediated upregulation of Bik mRNA accumulation in breast cancer cells exposed to antiestrogen remains to be elucidated.
In cells treated with adriamycin (Real et al., 2006) and in cells infected with adenovirus (Subramanian et al., 2007) Bik was shown to be transcriptionally activated by the E2F pathway. The hBik promoter contains an E2F-binding site at position À104. The direct involvement of E2F1 in transcriptional activation of Bik was demonstrated by promoter assays, by ChIP and electrophoretic mobility-shift assays. These results indicated that Bik was a pro-apoptotic target for E2F transcription factors that are activated during genotoxic stress and viral infection.
BIK protein expression was activated in human and murine epithelial cells treated with INFg (Mebratu et al., 2008) , a cytokine that mediates its effect through the transcription factor STAT1. In mouse STAT1 À/À airway epithelial cells that were treated with INFg, BIK expression was reduced compared with STAT1 þ / þ cells, suggesting that BIK expression was increased as a result of STAT1 activation by INFg. However, the mechanism of STAT1-dependent activation of BIK expression is unclear. Although the Bik promoter contains several STAT1-binding sites, reporter-based promoter assays failed to detect a response to INFg treatment. The possibility that cooperation with other transcription factors and/or post-transcriptional mechanisms may contribute to increased BIK expression in response to INFg remains to be elucidated. Treatment of Blymphoma cell lines with another cytokine, TGF-b resulted in increase in mRNA levels of Bik that was also accompanied by a reduction in the level of Bcl-xL mRNA (Saltzman et al., 1998; Spender et al., 2009) . Bik was shown to be a direct transcriptional target for TGF-b through recruitment of the transcription factor, Smad to the consensus Smad-binding sites in the Bik promoter (Spender et al., 2009) . ChIP assays and electrophoretic mobility-shift assays revealed binding of the Smad 3/4 complex to a Smad-binding site at À1055. These results indicated that BIK was a mediator of TGF-b-induced apoptosis. An increased expression of BIK was observed in human B cell lymphoma that underwent apoptosis as a result of ligation of surface IgM (Jiang and Clark, 2001) . The increase in the BIK expression was shown to be regulated both at transcriptional as well as at a post-transcriptional level. The increase in Bik mRNA was abolished by treatment with cyclosporin A suggesting a calcium/calcineurin-dependent pathway whereas a sustained BIK expression was dependent on both the calcium/calcineurin and the PI3K-dependent pathways. The regulated expression of BIK appears to be critical for the selection of mature B lymphocytes.
Mechanisms of BIK-induced cell death
The mechanism of cell death induced by BIK has been investigated in epithelial cancer cell lines by different groups. Overexpression of hBIK by adenovirus vectors revealed that BIK-induced apoptosis occurred through the activation of caspase-9 and the mitochondrial release of cytochrome c (Tong et al., 2001; Germain et al., 2002; Gillissen et al., 2003) . In transient transfection studies, the cell death activity of mBIK (BLK) was also shown to be mediated by the mitochondrial pathway as mBIKinduced cell death was inhibited by a dominant-negative mutant of caspase-9. Thus, BIK-induced cell death in epithelial cancer cells appears to follow the prototypical mitochondrial caspase-9-dependent pathway.
The mechanism of BIK-induced cell death in epithelial cancer cells has been further refined through studies by Shore and colleagues. They have shown that ER-localized BIK-induced apoptosis through the mitochondrial pathway that resulted in cytochrome c release Mathai et al., 2005) . The release of ER Ca 2 þ mediated by BIK was dependent on the localization of conformationally activated BAX/BAK in the ER and was deficient in BAX/BAK double knockout mouse kidney cells . They demonstrated that BIK-induced Ca 2 þ release from the ER resulted in the recruitment of the mitochondrial fission protein DRP1 (Dynamin-related protein 1) from the cytosol to the mitochondria and remodeling of the inner mitochondrial membrane cristae . BIK (wt) expression caused the opening of the mitochondrial cristae tubules whereas the expression of a BH3 mutant (L61G) of BIK was deficient in cristae opening linking the activity of the BH3 domain to cristae opening. BIK-induced cristae remodeling was inhibited by dominant-negative DRP1 as well as by an inhibitor of mitochondrial Ca 2 þ uptake (Ru360). These results illuminated the essential role of the Ca 2 þ -dependent GTPase activity of DRP1 in BIKmediated opening of the cristae thereby mobilizing cytochrome c for cytosolic release through organelle fragmentation (Figure 2 ). These results were consistent with previous studies that established the role of DRP1-mediated mitochondrial transformation in cytochrome c release during apoptosis (Frank et al., 2001; Scorrano et al., 2002) . The mechanism of BIK-mediated cristae opening was different from that of tBID-mediated cristae remodeling that did not require the BH3 domain of tBID (Scorrano et al., 2002) . The Ca 2 þ -dependent release of cytochrome c was consistent with an in vitro study using isolated mitochondria where the release of cytochrome c mediated by recombinant BIK was suppressed by Ca 2 þ chelation (Shimizu and Tsujimoto, 2000) . The Shore group also observed the cooperation between BIK and the mitochondrial BH3-only member NOXA. The expression of hNOXA did not induce cytochrome c egress whereas the coexpression of BIK and NOXA induced conformational activation of BAX and accelerated cytochrome c release. Although the mechanism of such cooperation between the two BH3-only proteins which localized at different organelles is not known, it is possible that it may be related to cooperative activation of BAX by BIK and liberation of BAK from the complex with MCL-1 by NOXA (Willis et al., 2005) .
In contrast to the apoptotic cell death induced by BIK in epithelial cancer cells, BIK-induced non-apoptotic cell death in other cell types. The cell death induced by BIK was independent of the activation of common released from the ER is depicted to recruit the cytosolic GTPase, DRP-1 to the mitochondria to mediate mitochondrial fission.
caspases such as caspase 6/7, caspase-9 and the release of cytochrome c in malignant glioma (Naumann et al., 2003) and melanoma (Oppermann et al., 2005) cell lines. In the case of glioma cell lines, BIK-induced cell death was suppressed by high concentrations of the broad spectrum caspase inhibitor zVAD-fmk and the antiapoptosis protein XIAP suggesting an involvement of some caspase-related activities. The death activity in these cells was only partially suppressed by BCL-2/BCL-xL overexpression, raising the possibility that BIK-induced cell death might be independent of engagement of BCL-2/ BCL-xL. The precise mechanism of cell death in these neuronal and ectodermal cancer cells remains unknown.
A form of non-apoptotic death was also observed in Bcl-2 À/À mouse embryo fibroblasts (Rashmi et al., 2008) . Overexpression of BIK in Bcl-2 À/À cells resulted in enhanced cell death compared with Bcl-2 þ / þ cells in the absence of activation of caspase-9 and 3 and detectable release of cytochrome c from the mitochondria. The extent of BIK-induced cell death was augmented by treatment with the pancaspase inhibitor, zVAD-fmk in these cells. The cell death induced by BIK exhibited certain autophagic features, such as cytosolic vacuoles, punctate distribution of LC3 and enhanced expression of Beclin-1 and was inhibited by pharmacological inhibitors of autophagy. Although the mechanism of this specific mode of cell death induced by BIK is not known, the possibility that BIK may selectively liberate Beclin-1 from BCL-xL remains to be investigated.
BAX-dependent apoptosis signaling by BIK
There is an obligate requirement of BAX and BAK for the manifestation of the pro-apoptotic activity of various BH3-only proteins. Mouse embryo fibroblasts doubly deficient for both BAX and BAK were shown to be resistant to apoptosis induced by ectopic expression of various BH3-only proteins such as BID, BIM and NOXA whereas mouse embryo fibroblasts singly deficient for either BAX or BAK were not Wei et al., 2001; Zong et al., 2001) . Although the functional redundancy model for BAX and BAK is widely accepted, the pro-apoptotic activity of BIK was shown to be dependent only on BAX in several human epithelial cancer cell lines (Theodorakis et al., 2002; Gillissen et al., 2003) . The exclusive BAXdependency for BIK-induced cell death was not due to any functional deficiency in BAK expression as ectopic overexpression of BAK did not confer sensitivity to BIK in BAX-null cells (Theodorakis et al., 2002) . Further, these cells exhibited sensitivity to a BAK-dependent proapoptotic protein BCL-xS (Gillissen et al., 2007) . A potential mechanism underlying the BAX selectivity for BIK-induced apoptosis was recently reported (Figure 2 , boxed panel). In healthy cells, BAK was shown to be sequestered by BCL-xL and MCL-1 (Willis et al., 2005) . Gillissen et al. (2007) showed that in coimmunoprecipitation studies BIK expressed from an adenovirus vector interacted with endogenous BCL-xL and not with MCL-1 and thus failed to disrupt the BAK-MCL-1 complex. Further, the stability of MCL-1 was also enhanced in BIK-expressing cells. Displacement of the BH3 domain containing E3 ligase, MULE from MCL-1 by other BH3 ligands appeared to be a contributing factor in MCL-1 stabilization (Warr et al., 2005) . In light of the inability of BIK to interact with MCL-1 in the above experiments, it appeared that BAK liberated from the BCL-xL complex by BIK might contribute to increased accumulation of MCL-1. The role of MCL-1 in dictating the BAX-dependent mode of action was further substantiated by siRNA-mediated depletion of MCL-1 in BAX-null cells resulting in sensitivity to BIK. As BIK was also shown to efficiently interact with BCL-2 (Boyd et al., 1995; Elangovan and Chinnadurai, 1997) , it is likely that BIK might displace BAX from the BCL-2/BAX complex as well. The result of Gillissen et al. (2007) in which overexpressed BIK in BAX-null human cancer cells (DU145) did not interact with endogenous MCL-1 is different from the results of Shimazu et al. (2007) who reported the interaction between transfected BIK and endogenous MCL-1 in 293 cells. As 293 cells express E1B-19K that has been demonstrated to be in constitutive complex with BAK (Sundararajan et al., 2001; Lomonosova et al., 2002) , it is possible that a fraction of MCL-1 is not complexed with BAK in these cells. Thus, the available evidence suggests that BIK may activate BAX by the 'indirect mode' that is, interaction with pro-survival proteins (see accompanying paper by Giam et al., in this issue on page S128) by selective displacement of BAX from BCLxL and BCL-2. A caveat to the above model of BAX activation by BIK is that most BAX molecules in normal cells were reported to be in a free monomeric form (Willis et al., 2005) . As BAX was originally identified as a BCL-2-binding protein (Oltvai et al., 1993) , the possibility that at least a fraction of BAX might be present in complex with BCL-2/BCL-xL cannot be ruled out. Although the data of Gillissen et al. (2007) is consistent with the 'displacement' model, other potential mechanism(s) of BAX activation by BIK cannot be ruled out.
BIK in physiological and pathological cell death
Mice with homozygous deletion in the Bik locus were shown to be viable without overt developmental defects (Coultas et al., 2004) , possibly reflecting functional redundancy with other BH3-only members. For example, concomitant deletion of Bik and Bim was shown to arrest spermatogenesis in mice suggesting both BH3-only members play a redundant role in normal testicular development . In humans, BIK appears to play a critical role in B-cell homeostasis. In a gene expression profiling study of B-cell germinal center reaction, activation of Bik, in addition to other proapoptotic genes such as FAS was detected during naive B cell to centroblast transition and remained upregulated in the memory B cells (Klein et al., 2003) . As discussed earlier, in studies using B-lymphoma cells, increased expression of BIK was observed in cells that underwent apoptosis as a result of ligation of surface IgM (Jiang and Clark, 2001 ). These studies suggested that BIK may be important in apoptosis selection of mature human B lymphocytes.
Critical roles for BIK during certain pathological insults have been reported. The cytokine IFNg which has been shown to induce apoptosis to resolve inflammation-induced airway hyperplasia was shown to mediate its pro-apoptotic activity through the action of BIK (Mebratu et al., 2008) . Treatment with IFNginduced increase in Bik mRNA and protein in human and murine airway epithelial cells. The apoptotic activity of IFNg was diminished in cells transduced with Bik shRNA and in murine cells derived from Bik À/À animals. The cell death activity of BIK was attributed to its ability to interact with activated ERK1/2 in a BH3-dependent fashion and to inhibit nuclear translocation of ERK1/2. These results suggested that BIK may be important in the elimination of supernumerary of inflammation-damaged cells in the airway.
Infection of mammalian cells with bacterial and viral pathogens generally inhibit cellular protein synthesis resulting in apoptosis of infected cells. One of the toxins produced by Escherichia coli, MazF that inhibited protein synthesis by cleavage of cellular mRNA-induced apoptosis through BIK (Shimazu et al., 2007) . The use of cells derived from mutant mice deficient in various BH3-only members such as Bik, Bim, Puma and Noxa revealed that MazF-induced cell death was dependent only on Bik. Similar effects were observed when cells were treated with a general translation inhibitor, cycloheximide. These results highlight the general importance of BIK in apoptosis induced by pathogens and toxins.
The results of Shimazu et al. (2007) also suggested that BIK may be important in viral pathogenesis because shutoff of host cell protein synthesis is a prominent feature in cells infected with several different viruses. The authors showed that the infection of mouse kidney cells from Bik À/À mice with an apoptogenic mutant of adenovirus type 5 did not manifest the apoptotic cytopathic effect. A different independent study identified prominent transcriptional activation of Bik during adenovirus-induced apoptosis in human cells (Subramanian et al., 2007) . This study demonstrated that the transcriptional activation of Bik was mediated by the E2F pathway. Specific depletion of BIK in adenovirus-infected cells reduced the level of apoptosis induced by an apoptogenic viral mutant that lacked the anti-apoptosis protein E1B-19K. Although it is not known whether Bik was activated in adenovirus-infected mouse cells by an E2F-dependent mechanism, the conservation of E2F-binding sites in both human and mouse promoters might be an indication of a common mode of activation. In light of the results from the two groups, it would be interesting to directly determine the role of BIK in apoptosis induced by other viruses. It should be noted that BIK was shown to interact with the viral anti-apoptosis protein EBV-BHRF1 (Boyd et al., 1995) , in addition to E1B-19K (Boyd et al., 1995; Han et al., 1996) .
Although viruses appear to target certain BH3-only members, such as BIK to inhibit apoptosis through sequestration by their anti-apoptosis proteins, the pathogen Chlamydia trachomatis was shown to target BH3-only proteins for degradation in infected cells (Dong et al., 2005) . It is known that infection with C. trachomatis, a leading cause for blindness and sexually transmitted diseases in certain parts of the world, results in an inflammatory response without significant cellular apoptotic response. Chlamydial infection was also shown to confer resistance to heterologous apoptotic stimuli (Fan et al., 1998) . In human cells infected with C. trachomatis, the BH3-only proteins BIK, BIM and PUMA were degraded without any effect on some other BH3-only members (BID and BAD that are normally activated by post-transcriptional modifications). There was also no change in the multidomain pro-apoptotic (BAX and BAK) and anti-apoptotic proteins (BCL-2 and BCL-xL). Although the specific consequence of degradation of BH3-only proteins in Chlamydial pathogenesis remains to be established, the above study suggested a novel mode of suppression of apoptotic response by pathogenic bacteria.
BIK and human cancer
Bik as a tumor suppressor There are several reports suggesting that the Bik gene may serve as a pro-apoptotic tumor suppressor in specific tissues. Bik was shown to be expressed at high levels in normal kidney epithelia (Daniel et al., 1999) whereas in renal cell carcinomas the expression of the Bik gene was inactivated by loss of heterozygosity at the Bik locus in chromosome 22q13.2 and by epigenetic promoter silencing (Sturm et al., 2006) . A genome-wide analysis of genetic changes in human gliomas identified a deleted segment in chromosome 22q encompassing the Bik gene (Bredel et al., 2005) . Short chromosomal deletions of the region containing the Bik locus were also reported in colorectal cancers (Castells et al., 1999) and in head and neck cancers (Reis et al., 2002) . The Bik gene was shown to be frequently mutated in peripheral B-cell lymphomas (Arena et al., 2003) . Mutations in both intronic and exonic regions of the Bik gene were identified. Although no mutation was detected in exon 3 coding for the BH3 domain, other exonic mutations were concentrated in the region coding for BIK between amino acids 43 and 134 that was previously shown to be important for maximal pro-apoptotic activity of BIK (Elangovan and Chinnadurai, 1997) .
A microarray analysis showed prominent activation of Bik mRNA expression among over 350 apoptosisrelated genes in four different human lung, prostate and renal carcinoma cell lines that were treated with a DNA methyltransferase 1 (DNMT1) inhibitor (5 0 -Aza-2 0 -deoxycytidine) and a histone deacetylase inhibitor (Depsipeptide) (Dai et al., 2006) . These drugs had a synergistic effect in augmenting the level of BIK protein expression. A different study also reported increase in Bik mRNA and protein in human cancer cells that were treated with DNMT1 antisense oligonucleotides (Milutinovic et al., 2004) . A microarray analysis of a multiple myeloma cell line treated with the demethylating drug zebularine also provided evidence that the Bik gene was epigenetically silenced (Pompeia et al., 2004) . Although it is unclear whether the effect of the inhibitors of epigenetic modifications is directly related to changes at the Bik promoter or through indirect effects, the above studies suggested that the transcription of the Bik gene was silenced in different cancer cell lines. As discussed earlier, the expression of Bik was reported to be silenced in estrogen-dependent breast cancer cells and was activated by treatment with antiestrogens, resulting in BIK-mediated apoptosis and that cells resistant to antiestrogen-induced apoptosis did not express Bik (Hur et al., 2004 (Hur et al., , 2006 . Several reports have shown that in cancer cells that constitutively express Bik mRNA, the BIK protein was actively targeted by the proteasomal machinery (Marshansky et al., 2001; Nikrad et al., 2005; Zhu et al., 2005b; Yeung et al., 2006; Li et al., 2008) . Thus, genomic deletions at the Bik locus, selective silencing of the Bik gene expression and/ or post-transcriptional downregulation of BIK protein by proteasomal degradation and efficient apoptosis upon BIK re-expression reinforce the notion that Bik is a tumor suppressor.
Bik as a prognostic marker Paradoxically, Bik expression was found to be high in certain sporadic breast tumors (Garcia et al., 2005) . Also poor prognosis of non-small cell lung cancers (NSCLC) was shown to correlate with high expression of Bik (Lu et al., 2006) . In the case of NSCLC, the increase in Bik expression also coincided with increase in Bcl-2 expression. It is possible that the pro-apoptotic activity of BIK might be kept in check by BCL-2 during tumorigenesis and chronic low-level cell death mediated by runaway BIK may lead to tumor cell adaptation and evolution of aggressive tumor cells. As overexpression of Bik and Bcl-2 in NSCLC was also accompanied by overexpression of caspases (caspase 8 and caspase 10) associated with inflammation and immune response, it is possible that the battle between the pro-apoptotic (BIK) and anti-apoptotic (BCL-2) molecules may lead to inflammatory responses and tumor progression. Interestingly, overexpression of another BH3-only member, Bnip3 was also reported to be associated with poor prognosis in breast cancers (Sowter et al., 2003) and in NSCLC (Giatromanolaki et al., 2004 ) (see paper by Chinnadurai, Vijayalingam and Gibson, in this issue on page S114).
BIK in anticancer strategies
Since activation of BIK expression induced efficient cell death in estrogen-responsive breast cancer cell lines (Hur et al., 2004 (Hur et al., , 2006 , modulating BIK expression could prove to be the basis of an interventional approach to treat estrogen receptor-positive human breast cancers. As mentioned earlier, treatment with various chemotherapeutic agents such as adriamycin (Panaretakis et al., 2002; Real et al., 2006) and camptothecin (Paquet et al., 2004) was reported to activate BIK expression in p53-positive as well as in p53-negative cells. Treatment with DNMT1 inhibitors and histone deacetylase inhibitors which activate Bik expression from the endogenous (silenced) Bik locus and the use of proteasomal inhibitors that stabilize BIK protein (in addition to other BH3-only members such as BIM and NOXA) appear to be highly promising anticancer approaches. The efficacy of proteasome inhibitors was also reported to be enhanced in combination with other chemotherapeutic agents such as TRAIL (Nikrad et al., 2005; Zhu et al., 2005a) , cisplatin and inositol hexakisphosphate (Diallo et al., 2008) .
Several reports linked the lack of BIK expression to drug resistance during chemotherapeutic treatments. Although many of the conventional drug therapy fails to overcome the impasse of chemoresistance, using novel interventional strategies such as overexpression of BIK through exogenously introduced transgene expression could constitute an attractive approach to treat drugresistant cancers. BIK overexpression in drug-resistant breast cancer cells that were deficient in the mitochondrial apoptosis pathway resulted in reversion of chemoresistance (Radetzki et al., 2002) . Vectormediated BIK expression in a T-ALL (acute lymphoblastic/lymphocytic leukemia) cell line conferred sensitivity to cortico-steroid-induced cell death (Daniel et al., 1999) . Adenovirus-mediated BIK expression was shown to inhibit tumor formation by chemoresistant human prostate and colon cancer cell lines in a mouse xenotransplant model (Tong et al., 2001) . As pointed out earlier, in vitro studies have suggested potential BIK-based cancer gene therapy approaches to kill difficult cancers such as melanoma (Oppermann et al., 2005) and glioblastoma (Naumann et al., 2003) . Busulfan is a major conditioning chemotherapeutic agent used during bone marrow transplantation in patients with chronic or acute myelogenous leukemia. In busulfan-resistant leukemic cell lines and in clinical samples expression of Bik among other apoptotic genes such as Bnip3 was found to be downregulated whereas anti-apoptotic genes such as Bcl-2 and Bcl-xL were upregulated (Valdez et al., 2008) . Therapeutic approaches to activate the pro-apoptotic BH3-only molecules including Bik and/or gene therapy-based approaches may improve the clinical outcome of chemotherapy treatments.
Systemic administration of wt Bik gene or a phosphomimetic mutant version (T 33 S 35 -D, BikDD) (that exhibited enhanced apoptotic activity) through cationic liposome particles was shown to inhibit growth and metastasis of human breast cancer cells in the mouse orthotopic xenograft model (Zou et al., 2002; Li et al., 2003) . A similar approach using a tumor-specific BikDD expression construct was shown to exhibit significant anti-tumor effects on pancreatic cancer and prolong survival in xenograft and orthotopic mouse models of pancreatic tumors without toxicity (Xie et al., 2007) .
Conclusions
Since the discovery of BIK, a number of BH3-only members have been identified and their physiological role as effectors of the canonical animal cell apoptosis pathway has been established. Although BIK deficiency does not appear to affect the normal developmental processes in the small animal model (possibly as a result of functional redundancy with other BH3-only cousins such as BIM) BIK is implicated in certain normal and pathological functions in human cells. Particularly, the potential role of BIK in viral pathogenesis is intriguing and could be a novel target in antiviral strategies. Since BIK appears to function as a tumor suppressor in human and appears to be activated by small molecule drugs that reactivate epigenetically silenced Bik gene or by other chemotherapeutic drugs that activate p53-independent transcriptional pathways, anti-cancer strategies focused on augmenting BIK expression appear to be attractive. Because proteasomal inhibitors have been shown to dramatically increase BIK protein accumulation, the combination of transcriptional modulators and proteasomal inhibitors appear to be very promising. The BIK-based gene therapy approaches also hold promise for treatment of difficult cancers such as brain and pancreatic cancers.
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